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beyond matrix cracking) than unreinforced RBSN of the sameSummary density. Results have shown that interfacial shear strength is
one of the key properties that control the mechanical

A fiber push-out technique was used to determine fiber/ performance of the composite. If the inteifacial shear strength
matrix interfacial shear strength (ISS) for silicon carbide is too high, the composite shows brittle behavior. If it is too
fiber reinforced reaction-bonded silicon nitride (SiC/RBSN) low, however, the fiber/matrix load transfer is inadequate for
composites in the as-fabricated condition and after optimum composite mechanical properties. Achieving
consolidation by hot isostatic pressing (HIPing). In situ video optimum interfacial shear strength after fabrication and
microscopy and acoustic emission detection greatly aided the maintaining it during service is critical for composite
interpretation of push-out load/displacement curves. The as- performance. While most of the effort to improve composite
fabricated and HIPed SiC/RBSN composites showed very properties has focused on improving matrix and fiber
different fiber push-out behavior as reflected by differently properties, it is important to determine how changes in
shaped load/displacement curves. The push-out data revealed composite processing affect the mechanical strength of the
the presence of definite, but weak, fiber/matrix bonding in fiber/matrix interface. In the development of the SiC/RBSN
both the as-fabricated composite and a composite HIPed at composite, work is being done to increase the density of the
low temperature and showed the absence of fiber/matrix RBSN matrix (ref. 2). In the as-fabricated state, the matrix
bonding in a composite HIPed at high temperature. The has a porosity level of about 30 vol%. Hot isostatic pressing
HIPed composites exhibited significantly higher frictional (HIPing) of SiC/RBSN containing a small concentration
interfacial shear stresses as well as evidence of interfacial of MgO has been performed to fully densify the matrix,
wear during fiber sliding. Finally, fiber push-out testing of with the goal of increasing the oxidation resistance of the
different thickness samples revealed two regimes of fiber/ composite as well as increasing the matrix strength. It was
matrix debonding behavior. For thinner samples, a single not known how the HIPing process might change the
complete debonding event occurs; whereas, for thicker properties of the fiber/matrix interface. Because it is
samples, a debond initiation of a critical length occurs and is difficult to deduce interfacial properties from bulk strength
followed by stable debond propagation with increasing or toughness measurements, which depend on many factors,
applied load. a fiber push-out test was chosen to test the interface

more directly.
The objective of this study was to determine the influence

Introduction of matrix densification by HIPing on the interfacial shear
strength (ISS) of SiC/RBSN composites (both bonding and

Silicon carbide fiber reinforced reaction-bonded silicon frictional components) by a fiber push-out test. Since
nitride (SiC/RBSN) composite is a promising candidate being introduced by Marshall (ref. 3), fiber indentation has
material for component applications in advanced heat evolved into a popular technique for determining both
engines (ref. 1). Reinforcement of a RBSN matrix with SiC frictional and bonding contributions to the fiber/matrix
fibers has been shown to yield a material which shows greater interfacial shear strength. Two basic methodologies with
strength and toughness (composite shows graceful failure different equipment requirements and analysis have
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developed, the choice of which is dictated by fiber Experimental
diameter. For small diameter fibers (<30 pim), the thick-
sample configuration originally used by Marshall (ref. 3) is Material
usually followed. In this configuration, only a portion of the
total fiber length experiences any sliding. For large diameter The starting materials for the SiC/RBSN composite
fibers (>100 prn), a thin-sample configuration, developed fabrication were SCS-6 SiC monofilament 1 and high purity
by Laughner et al. (refs. 4 and 5), is usually favored. In silicon powder2 that had been attrition-milled to an average
this configuration, the entire fiber length slides at a particle size of 0.3 pm. The SiC monofilament consists
critical load. essentially of a 37 pm diameter pyrolytic graphite-coated

Significant improvements in the fiber indentation carbon core surrounded by a SiC sheath with an outer diameter
techniques have recently been achieved. The foremost of 142 pm. The fiber has an approximately 3 pm thick
advance has been the continuous measurement of load and coating consisting of SiC particles embedded in pyrolytic
displacement during the test. This capability provides carbon. (ref. 16)
continuous monitoring of the progressive stages of fiber The composites were consolidated by conventional
debond initiation, debond propagation, and fiber sliding. This powder fabrication methods using fugitive polymer binder.
has been achieved with an ultralow load indentation A detailed description of the preform fabrication and
instrument (maximum applied load = 0.12 N) for small nitridation schedule has been reported. (refs. 17 and 18)
diameter fibers (refs. 6 and 7). For large diameter fibers, Briefly, the composites were fabricated by a three-step
displacement control has been achieved using the crosshead process. In the first step, SiC fiber mats and silicon cloths
motion of a universal testing machine (maximum load limited were pre-pared with fugitive polymer binders. The silicon
by strength of indenter)(ref, 8). cloths contained a small concentration of MgO. In the second

Another significant improvement in testing large diameter step, alternate layers of SiC fiber mats and the silicon
fibers has been accomplished by replacing the commonly cloths were stacked in a metal die and pressed in a vacuum
used pointed pyramidal Vickers indenter with a flat-bottomed hot press at 1000 'C under an applied stress of 69 MPa for
indenter. A flat-bottomed indenter applies the load more 1 hr. In the third step, SiC/Si preforms were heat-treated in
uniformly over the fiber end and allows higher load levels high-purity (>99.999 percent) nitrogen at 1200 *C for 40 hr.
without fiber damage. While the first flat-bottomed indenters Some of the SiC/RBSN composite panels were further
had tapered bodies (refs. 8 and 9), Eldridge and Brindley densified by HIPing encapsulated samples at two different
(ref. 10) used a nontapered cylindrical flat-bottomed punch temperatures under argon pressure. These composites are
which allows a much greater range of fiber displacement referred to as low and high temperature HIPed SiC/RBSN
without the indenter contacting the matrix, composites. The details of the HIPing procedure are described

It has recently been shown that acoustic emission detection in reference 2. Typical dimensions of the as-fabricated and
(refs. 10, 11 and 12) and video microscopy (ref. 10) can be HIPed SiC/RBSN panels were 150 by 50 by 2.2 mm. Optical
used to help identify fiber debonding and sliding events. micrographs (fig. 1) of polished cross-sections of the as-
While earlier work at this laboratory (refs. 10 and 13) did not fabricated and HIPed composites show the densification of
include generation of fiber push-out load/displacement curves, the matrix due to HIPing.
this paper will present data from an improved version of the For fiber push-out testing, samples of various thicknesses
testing apparatus in which load, acoustic emission, and video were sliced perpendicular to the fiber axes with a diamond
imaging of the test are all monitored simultaneously during saw, mechanically polished, and finally lapped on a 1 pm
crosshead-driven indenter displacements in a universal testing diamond lapping film.
machine.

This paper will present fiber push-out load/displacement Fiber Push-Out Test
curves for both as-fabricated and HIPed SiC/RBSN
composites. Acoustic emission and video microscopy are A schematic of the fiber push-out apparatus is shown in
used to unambiguously identify features of the load/ figure 2. Specimens were mounted across several 750 pm
displacement curves. The location of interfacial failure and wide channels machined into a support block, allowing fibers
the extent of interfacial wear during fiber sliding, as revealed to be pushed out without resistance from the support block.
by SEM observation of pushed-out fibers, are shown to be The sample support block was secured to a two-axis
reflected in the push-out load/displacement curves. Finally, translation table which allows positioning of individual
the effect of interfacial roughness on fiber sliding behavior, fibers in the composite beneath the indenter. Alignment of
an aspect often overlooked until recently (refs. 14 and 15), indenter and fiber was assessed by observation through an
was examined by a fiber push-back test. optical microscope. Following the example of Bright et al.

'Avco Specialty Materials, Textron, Inc., Lowell, MA. (ref. 8), an Instron load frame was used in a compression
2 Union Carbide, New York, NY. mode to drive the indenter at a constant speed of 50 pm/min.
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This controlled displacement allowed acquisition of load/ corresponding to a final debonding event (final debond load).
displacement curves. A 100 pm diameter, flat-bottomed Simultaneous with this load decrease, initial movement of
tungsten carbide punch (ref. 10) was used as an indenter the bottom end of the fiber is observed, accompanied by an
(fig. 3); the punch sustained loads up to about 40 N. This AE spike. In the region between the initial and final
type of indenter provided near-uniform loading of the debonding, part of the interface remains bonded, while the
fiber and also allowed fiber displacements up to 1 mm with- rest of the interface experiences frictional sliding with
out contact between the punch and the matrix. Load and resultant compression of the fiber. For the thicker samples,
acoustic emission (AE) data were collected at 50 msec longer displacements after complete debonding were
intervals by a computer, and plots of load and AE versus necessary before the load decreased to a nearly stable value.
crosshead displacement were generated. A unique feature of For this reason, the sliding friction load was arbitrarily taken
this test is the combination of in situ video imaging of both to be the load obtained after a crosshead displacement of
the top and bottom ends of the fiber during the push-out 35 pm past the debonding. The behavior is most complicated
process with simultaneous AE detection. Video monitoring for the 7.37 mm sample (fig. 4(d)), where there was no
and recording was done in a split-screen format with typical post-debond behavior (sometimes there was a gradual
simultaneous display of the load/displacement and AE/ decrease in load, and in other cases there was a continuous
displacement curves as they were acquired, along with a TV increase in load after debonding). The load/displacement
image of the fiber being pushed out. This makes it possible curves for the as-fabricated SiC/RBSN composite are
to correlate features in the load/displacement curves with representative of composites where the debond ISS is
fiber debonding and sliding events, significantly higher than the frictional ISS.

The fiber push-out results for the SiC/RBSN composite
HIPed at high temperature (fig. 5) show no sharp load

Results decrease or no AE spike to indicate debonding for the
specimen thicknesses tested. For all thicknesses, the top of

Fiber Push-out the fiber was observed to move during the initial portion of
the load/displacement curve. Because the departure from

Figures 4 to 6 show typical load versus crosshead linearity and initial fiber movement were so gradual, it was
displacement curves for various thicknesses of as-fabricated, difficult to assign a debond load. Indeed, as will be shown
high temperature HIPed, and low temperature HIPed SiC/ later, the load/displacement curves could be fit well by a
RBSN. The shape of each load/displacement curve depends second order polynomial, with no linear portion, indicating
on the relative magnitudes of the debond and frictional ISS a near-zero debond ISS. Simultaneous observation of both
values, sample thickness, as well as whether interfacial ends of the fibers during push-out testing revealed that while
damage or wear occurs during fiber sliding. From 10 to 30 the top ends of the fibers moved at very low loads, the
fiber push-outs were performed for each specimen thickness, bottom ends of the fibers did not move until near the peak

Figure 4 shows the load/displacement curves for different load. Thus, the peak value was assigned to be the frictional
thicknesses of as-fabricated SiC/RBSN composite. For the sliding load. The load/displacement curves for the SiC/RBSN
2.31 mm thick sample (fig. 4(a)), there is an initial linear composite HIPed at high temperature represent a case where
portion corresponding to the elastic response of the testing frictional ISS is much greater than debond ISS.
apparatus, followed by a sharp decrease in load at the moment The SiC/RBSN composite HIPed at low temperature
of dcbonding. The peak load was identified as the debond (fig. 6) is also a case where the frictional ISS is much greater
load. Simultaneous with the sharp load decrease, there is a than the debond ISS, but where there is a more definite
spike in the AE signal. After debonding, the load is solely debond event. As with the as-fabricated composite, the load/
due to frictional resistance. The frictional sliding load was displacement curves show a small, sharp decrease in load at
taken to be the stable load which was attained after debonding. the moment of debonding. After this decrease there is a
While figure 4(a) shows one complete interfacial debonding slow continuous increase in load for tens of microns of
event, the load/displacement curves for thicker specimens fiber sliding. Observation of movement of both the top and
(figs. 4(b) to (d)) are more complicated in that they show bottom of the fiber confirmed that complete fiber sliding
incremental or progressive debonding. Debond initiation occurs immediately after dcbonding. Thus, the subsequent
occurs at the load (debond initiation load) where the load/ increase in load reflects an increase in frictional shear
displacement curve deviates from its initial slope. This was stress as the fiber is further displaced. This suggests a build-
confirmed by the observation on the TV monitor of a small up of interfacial wear debris which would impede fiber
initial displacement of the top end of the fiber relative to the sliding. Debond initiation loads for 2.26 (fig. 6(c)) and
matrix without any movement of the bottom end. After 2.95 mm slices were difficult to assign from the load/
initial debonding, the load/displacement curve continues with displacement curves, but were readily determined by the
a lower slope until a sharp decrease in load occurs (the load observed motion of the fiber ends. No AE was observed at
drop becomes less pronounced for thicker samples), debonding except for the 0.51 mm thick sample.
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Figures 7 to 9 summarize the results of these push-out value of tfriction can be calculated by fitting a second order
tests, for all three materials, as a function of sample thickness. polynomial to the crosshead displacement versus load data.
From 10 to 30 push-outs were done for each specimen Weihs and Nix (refs. 7, 19, and 20) showed that both ap-
thickness. Initial and final debond loads as well as frictional proaches could be used for small diameter fibers (10 to
sliding loads are plotted where appropriate. Figures 7(a) and 25 pm) if the sample was sufficiently thin to achieve complete
9 show that the initial debond load, Pinitial debond, increases fiber sliding before the maximum applied load was reached.
with sample thickness initially and then levels off. At the Differences in 'friction calculated from the two different
same time, Pfinal debond increases roughly linearly with methods were postulated to arise from artifacts due to
increasing sample thickness. sample bending. In the present study, a SiC/RBSN composite

Calculations of T debond and t friction from push-out loads HIPed at high temperature was chosen to compare both
for these samples are complicated due to several thickness approaches because this material showed no evident fiber/
effects on the push-out loads. These effects include transition matrix bonding to complicate the analysis. A thickness of
from complete to progressive debonding behavior, and 1.93 mm was chosen as the thickest sample in which all
nonuniform stresses at the interface, for example, due to fibers tested achieved complete fiber sliding before the
Poisson expansion of the fiber under applied load. However, maximum applied load was reached. Sample bending dur-
for thin samples, with single debonding events, these effects ing push-out would be negligible for this thickness. Both
can be neglected, (refs. 10 and 13) and both the frictional and approaches were applied to the same test data, and the results
debond ISS values can be calculated by a simple equation were compared. Figure 10(c) shows a fiber load/displace-
which assumes the interfacial shear stress is uniform along ment curve for the 1.93 mm thick ,:ample where, for about
the length of the fiber/matrix interface: the first 25 pm of crosshead displacement, the opposite end

p of the fiber does not move. Equation 2 was used to fit to this
't = 27rRLf (1) portion of the curve and gave Tfriction = 27.9 MPa. The peak

load was used to calculate ISS from equation I and gave
where R is the fiber radius, Lf is the embedded fiber length Tfriction = 28.9 MPa. There is reasonable agreement between
(sample thickness), t is the debond or frictional ISS, and P the two methods, although not always as close as this
is the debond or frictional load. example. This agreement offers reassurance that both meth-

The above treatment will only be valid up to a maximum ods are determining the same quantity.
sample thickness. This clearly does not hold for most of the
sample thicknesses tested, except for Tfriction for the Push-Back Test
composite HIPed at high temperature, which shows linear
behavior for all thicknesses tested (fig. 8). Thus, Tdebond and The effect of interfacial roughness on frictional shear
tfriction calculations were based on data from the thinnest stresses was examined by a fiber push-back test. As shown
samples tested as they should come closest to following the in figure II for an as-fabricated SiC/RBSN composite, after
linear behavior of equation 1. Estimates of T dCbon(l and an initial push-out, the sample is flipped over, and the same
Tiriction obtained in this manner are listed in table I. fiber was p, shed back. A pronounced valley in the load/

displacement curve is observed as the fiber moves through
Push-Out versus Push-In Measurements its initial undisplaced position. This phc;iumenon has also

been observed by Jero and Kerans (ref. 14). This decrease
The frictional ISS measurements were based on complete in load occurs because the undisplaccd position is the only

fiber sliding through thin samples (push-out or push-through). fiber position where the contacting fiber and mali ix surfaces
It is worthwhile to compare this approach (fig. 10(a)) to the are in registry. The importance of interlocking ragh surfaces
other commonly used technique, push-in testing (fig. 10(b)), to sliding friction was proposed by Morscl-e- et al. (ref. 15)
developed by Marshall (ref. 3), where a thick sample is used The clamping stress which the matrix xcrts on the fiber
and only the top portion of the fiber moves. The push-in increases as the fiber moves away f ',n this interlocking
approach is usually followed for smaller diameter fibers position. The frictional shear strcss is a product of the
(<30 pin). While equation I is used to calculate Tfriction coefficient of sliding friction, i, and the no mal stress exerted
values for complete fiber sliding, for the push-in on the fiber, ON:
measurement, tfriction is calculated from the curvature of the P0 N (3)
load/displacement curve (no thickness dependence):

p2  P The normal stress exCrTcJ on a displaced fiber will be greater
u42 3 + - (2) than the stress e,' rted on an undisplaccd fiber due to

interfacial roughmuss; thus, the minimum load observed as
where u is the crosshead displacement, P is the applied load, the fiber slides through its initial undisplaced Position may
R is the fiber radius, Ef is the fiber modulus, and Kmachine  be a better indication of the normal stress exerted on the
is the spring constant of the whole testing assembly. The undispl:-.ed fiber.
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Figure 12 shows, for all three composites, combined push- sample thickness and interfacial wear, which are also of
out and push-back load/displacement curves where the initial practical importance.
fiber displacements were very small. For the as-fabricated For all three composites, the debond ISS was very low (see
sample (fig. 12(a)), the load decreases almost to zero at the table I and figs. 7 to 9); indeed, too low to measure for the
minimum of the load valley; the load valleys for the HIPed composite HIPed at high temperature. For the as-fabricated
samples are similar in amplitude but start from a higher value SiC/RBSN composite, a load of 4.0 N was required to produce
(figs. 12(b) and (c)). Figure 13 also shows combined push- the critical length debond of about 3 mm. For the composite
out and push-back load/displacement curves with longer initial HIPed at low temperature, a load of 6.5 N was required to
fiber displacements. Note that while the valley remains produce the critical length debond of about 1.5 mm. This
narrow for the as-fabricated SiC/RBSN, it is severely behavior is consistent with an initial debond or crack initiation
broadened for both HIPed samples when the initial of a critical length followed by a stable debond or crack
displacement is increased, propagation with increasing load.

The most striking difference in push-out behavior for the
Location of Interfacial Failure three composites was in the frictional resistance to fiber

sliding. While the as-fabricated SiC/RBSN showed a very
SEM observation of pushed-out fibers revealed that the low Efiction of 1 to 2.5 MPa, the HIPed samples showed

type of interfacial failure which occurred was quite different much higher values (28 MPa for the SiC/RBSN HIPed at
for each of the materials investigated. Figure 14(a) shows high temperature). The load/displacement curves also
the C-rich double coating on an undisplaced SCS-6 fiber showed evidence of interfacial wear playing an important
in an as-fabricated SiC/RBSN composite. Interfacial failure role in tfriction. The evidence for this is the strongest for
1,)r the as-fabricated SiC/RBSN composite occurred between the composite HIPed at low temperature (fig. 6), where the
these two C-rich fiber coatings, with no obvious damage to frictional resistance keeps increasing well after the point
the exposed surfaces (fig. 14(b)). In contrast, figures 14(c) at which the whole fiber has started to move. This may be
and (d) show that failure occurred between the matrix and explained by a build-up of wear debris at the fiber/matrix
the outer C-rich coating for the SiC/RBSN composite HIPed interface which would increase resistance to fiber movement.
at high temperature. Note that the surface of the fiber coating In addition, the load minimum observed in the fiber push-
is very rough with many asperities (fig. 14(d)). Some backs (figs. 12 and 13) is severely broadened following
longitudinal grooving of the surface of the pushed-out fiber longer initial forward displacements for the HIPed samples
was also observed. In addition to this grooving, the exposed (figs. 13(b) and (c)), suggesting that the greater interfacial
fiber surface was observed to become smoother along the wear which would occur over the longer sliding length has
length of the pushed-out fiber, until, at sufficiently great made the "reseating" position less distinct. It should be
distances from the fiber end (e.g., 100 pm), no asperities noted that while the composite HIPed at high temperature
were visible. Interfacial failure for fibers pushed out of the shows a severely broadened load valley during push-
SiC/RBSN composite HIPed at low temperature (figs. 14(e) backs from longer displacements (fig. 13(c)), it does not
and (f)) was more complicated in that failure occurred at show increasing frictional resistance after complete fiber
both the inter-coating interface and the SiC-sheath/inner- sliding begins (see fig. 5). On the contrary, the frictional
coating interface. Because sliding often occurred at both resistance decreases much more rapidly than would be
interfaces on the same fiber, the inner coating would, in expected from a simple loss of interfacial contact area as the
those cases, be displaced less than the SiC fiber sheath as fiber is pushed out. A different type of wear behavior is
seen in figures 14(e) and (f). In addition, the inner C-rich occurring here, possibly the breaking off of asperities along
coating was in most cases damaged, as evidenced by cracks the interface which would make it easier to continue dis-
or missing sections. placing the fiber.

The location of interfacial failure should be considered in
comparing the interfacial debonding and frictional sliding

Discussion response of the three materials. It is proposed that the
different interfacial failure locations as observed by SEM

The fiber push-out tests revealed differences in the (fig. 14) affect the resistance to fiber sliding as follows. The
debonding and frictional behavior of the fiber/matrix clean failure between the two C-rich coatings in the as-
interfaces in as-fabricated, low temperature HIlPed, and high fabricated composite (fig. 14(b)) results in negligible wear at
temperature HIPed SiC/RBSN composites containing a small the sliding interface and nearly reversible post-debond push-
concentration of MgO. The observed differences in fiber out behavior. This interface offers the easiest sliding path
push-out behavior should not be interpreted as only due to between two relatively smooth, compliant surfaces. The
differences in matrix density, as the HIPing process also uneven failure and inner coating fracture which occur for the
changes the chemistry and roughness of the fiber/matrix composite HIPed at low temperature (figs. 14(c) and (f)) lead
interface region. Convoluted in these data are effects of to an accumulation of wear debris from the pieces of
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fractured coating trapped between the matrix and the sliding critical length occurs at a load independent of sample
fiber. This build-up leads to an increasing resistance to fiber thickness. The dcond then propagates in a stable manner
sliding. The failure between the outer C-rich coating and with increasing applied load.
the Si 3N4 matrix in the composite HIPed at high temperature 4. Values of tfriction determined from both fiber push-out
(figs. 14(c) and (d)) indicates an absence of large wear debris. (thin sample) and push-in (thick sample) tests were in good
However, the coating surface exposed from fiber push-out agreement in the simple case where there was no fiber/
shows many small asperities. The small observed asperities matrix bonding.
(fig. 14(d)) are broken or worn away as the fiber moves, as
confinned by observation with SEM of the smoothing of the
exposed coating surface over greater sliding distances. The Conclusions
breaking of these asperities may explain both the initially
high frictional resistance and its relatively rapid decrease
once the fiber starts to move. A fiber push-out test has been developed in which in situ

There may be advantages for the low rdebond and relatively video microscopy and acoustic emission detection aid in the
high tfriction values observed for the HIPed material. The identification of fiber debonding and sliding events in fiber
low debond ISS may retain the crack deflection capability of push-out load/displacement curves. This technique showed
the as-fabricated material, while the higher frictional that HIPing significantly affects the fiber debonding and
resistance to fiber sliding provides better fiber/matrix load sliding behavior. The effect of these changes on bulk
transfer after debonding, allowing the fibers to carry mechanical properties needs to be determined. Any observed
significant loads. In addition, the increasing friction observed relationship between push-out behavior and bulk mechanical
for the composite HiPed at low temperature would make it properties should be considered for interfacial design.
increasingly difficult to continue opening up a matrix crack.
Some minimal debond ISS may be needed (perhaps 10 MPa
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TABLE I.-ESTIMATES OF DEBOND
AND FRICTIONAL ISSa

Composite tdebond, tfriction,
MPa MPa

As-fabricatedb 3.0 ± 0.5 1.05 ± 0.22

Low temp. HIPede 13.1 ± 2.2 32.4 6.2d

High temp. HIPede -- f 29.4 ± 6.9

a Using data from thinnest samples tested of as-fabricated

and low T HIPed composite. All sample thicknesses were
used for high T HIPed composite.

b Data are for 2.31 mm thick sample.
c Data from 0.51 mm thick sample.
d Corresponds to peak load which occurs well beyond

point of complete fiber sliding.
C From least squares fit to data from all thicknesses where

complete fiber sliding was attained.
f No debond detected.
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(a) As-fabricated.

(b) HIPed at low temperature.

Figure 1.-Optical micrographs of SiC/RBSN composite containing Mg0.
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